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anatase–rutile on phosphorylated
graphene through strong P–O–Ti bonding affords
a stable visible-light photocatalyst†

Fatima-Ezzahra Zirar,ab Aicha Anouar,a Nadia Katir,a Ihya Ait Ichoub and Abdelkrim El
Kadib *a

Titanium dioxide is an ubiquitous photocatalyst in water-cleaning technologies, being presently the most

promising tools to resolve the global issue of sewage treatment. In this framework, titanium dioxide–

graphene nanocomposites are discussed as promising visible-light activated photocatalysts but little is

hitherto known about the surface and interface chemistry bridging the metal oxide and carbon phases.

In an attempt to spotlight this overlooked issue, we herein designed two different hybrid

nanocomposites through covalent grafting and growth of titanium dioxide clusters on graphene oxide

and on phosphorylated graphene oxide, which affords GO@TiO2 and PGO@TiO2, respectively. While

anatase could be selectively harvested on the surface of GO@TiO2, biphasic anatase–rutile nucleates

could be obtained on PGO@TiO2. Thermal annealing treatments improve the metal oxide crystallization

and further remove oxygenated groups from the surface of graphene. The interfacial stability of these

photocatalysts was also investigated under irradiation, with the graphene support being sensitive to the

proximal presence of titanium dioxide. The resulting nanocomposites were also assessed for methylene

blue removal through adsorption and photocatalysis. Regardless of their composition, superior

photoactivity was noticed for the nanocomposites compared to commercially available degussa that

display marginal visible-light photoactivity (11% removal). Within our study, PGO@TiO2-500 stands as the

most active catalyst, allowing nearly quantitative removal of the pollutant from water. The superior

performance of PGO@TiO2-500 can be explained by the highest stability reached through P–O–Ti

bonding, its improved crystallinity, and the reduction of the graphene surface during thermal treatment.

On a whole, this study provides a blueprint for comparing semiconducting metal oxide grown on

tuneable surface-interfacial graphene environments and highlights the utility of surface-engineering

graphene sheets to access efficient visible-light oxidation photocatalysts.
Introduction

The textile industry consumes about 40 billion tons of water
annually to produce the required fabrics, which consequently
generate a considerable dyeing effluent that account for nearly
20% of global water pollution.1 Two procedures are currently
applied for discarding dyes waste, namely, adsorption and
photo-oxidation.2,3 An efficient water-cleaning technology
should merge the two mechanisms to remove the highest
amount of dye waste.4,5 Additional requirements are the prep-
aration simplicity, its cost effectiveness, and non-toxicity to
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facilitate the implementation of the whole process at a large
scale.6–11

Titanium dioxide materials stand denitely as the most
efficient photooxidants, with their hegemony being well estab-
lished compared to their metal oxide counterparts and other
related photo-catalysts.12–14 Their main limitations could be
summarized in their low surface area and the lack of photo-
activity under visible light.15,16 To circumvent these setbacks,
titanium dioxide has been hybridized with other nanometric
phases including metal nanoparticles,17,18 mesoporous organo-
silicates,19–21 quantum dots,22,23 phosphorus-containing den-
drimers,24–28 and carbon-based nanostructures.29–32

In this framework, graphene and its derivatives are on the
rise,33 with graphene-based nanocomposites being expected to
revolutionize future nanoscience and nanotechnology.34,35 The
most attractive properties of graphene lie in its high conduc-
tivity through faster electron mobility, which is a key enabler in
physicochemical processes involving electro- and redox chem-
istry.36 Associating titanium dioxide semiconductors and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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graphene sheets in a single nanostructure would therefore led
to outstanding visible-light activated photo-catalysts.37 While
precedents in the literature exist for the physical mixing of the
carbon and metal oxide phases,38,39 little is known concerning
their covalent graing from soluble precursors through wet
chemistry and their growth during thermal treatment.40,41

Physical mixing faces several drawbacks including severe
leaching and bleaching, which are commonly encountered
when the active species are only entrapped within the carrier.
Besides, only graphene oxide was used as a selected support
while no other functional graphene derivative has been
assessed for such a purpose. Although oxygenated functional
groups are pivotal for GO dispersion in the liquid phase
medium, they are labile, thermo- and photo-sensitive, and are
prone to faster degradation, including under irradiation.42,43 These
facts associated to the scarcity of the literature in related materials
hinder comparative studies to glean a deeper understanding on
the interfacial properties of the resulting nanocomposites, which
is mandatory for the rational design of stable and durable active
photo-catalysts. Initial investigations in this framework focused on
comparing the performance of graphene and its forebears, carbon
nanotubes and fullerene.44 Considering the unlimited possibilities
of graphene-surface functionalization, later research recalled
rather the interest of the interfacial engineering of graphene sheets
to maximum its performance.45 Keeping in mind the excellent
stability of P–O–Ti bridges,24–27 we envisioned that such an
approach could improve the interfacial stability of titanium
dioxide graed on graphene support.

We have recently succeeded in functionalizing graphene
oxide with a set of phosphorus derivatives,46,47 and unambigu-
ously established an improvement in their thermal stability.46

With these materials in hand, we embarked herein to assess the
growth of titanium dioxide on two different graphene surfaces
(GO versus PGO) and to elucidate their behavior during irradi-
ation and for the photo-oxidation of methylene blue as a repre-
sentative textile dye pollutant.
Fig. 1 Schematic illustration of the synthetic approaches for the (i) phosp
at 60 �C (GO@TiO2 or PGO@TiO2), followed by thermal annealing at 50

© 2021 The Author(s). Published by the Royal Society of Chemistry
Results and discussion
Synthesis of the materials

Graphene oxide (GO) was prepared by graphite oxidation using
Hummers' method, followed by ultrasonication.48 GO oxide
displays various oxygen functional groups on its surface (alco-
hols, epoxides, carboxylic acids, carbonyls), which impart it
with an excellent colloidal stability in a wide range of solvents.49

These oxygen functional groups usually serve as anchoring sites
to immobilize metal nanoparticles but are prone to decompo-
sition under high temperature treatment.50,51 To overcome this
issue, we have previously succeeded in improving the thermo-
oxidative stability of graphene through surface phosphoryla-
tion using POCl3.46 The resulting phosphorylated graphene
oxide (PGO) displayed an impressive increase in the half-weight
decomposition temperature from T50 ¼ 391 �C for GO to T50 ¼
758 �C for PGO.46 We have indeed decided to use both GO and
PGO as the support to grow titanium dioxide clusters (Fig. 1).

The GO@TiO2 and PGO@TiO2 materials were synthesized
via a one-pot sol–gel method, starting from titanium tetra-
isopropoxide as the titanium dioxide source and GO or PGO
as the support. The presence of several functional groups on the
surface of GO or PGO allows for the anchoring and growth of
metal oxide nuclei. Following the anchoring of metal-oxo-
species on the GO or PGO support, further hydrolysis and
condensation during the heating step induce the growth of the
metal oxide on the surface. Aer extensive washing to remove
non-covalently graed species, the harvested solid materials
(GO@TiO2 and PGO@TiO2) were dried and subjected to textural
and structural analyses (Fig. 2).

In XRD, well-resolved peaks assignable to the crystalline
anatase phase are observed at 25.5�, 37.9�, 47.6�, 54.5�, 62.7�,
69.1�, and 75.3� corresponding to the (101), (004), (200), (105),
(213), (116), and (215) planes, respectively, for GO@TiO2 while
a mixture of anatase and rutile seems to be formed for
PGO@TiO2 by the appearance of similar peaks observed for
horylation of GO (PGO), (ii) one-pot sol–gel synthesis, and (iii) heating
0 �C (GO@TiO2-500 or PGO@TiO2-500).

RSC Adv., 2021, 11, 28116–28125 | 28117
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Fig. 2 X-ray diffractogram (left), Raman spectra (center), and N2 adsorption–desorption isotherms (right) of GO@TiO2 (top) and PGO@TiO2

(bottom).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 3
/9

/2
02

6 
7:

20
:0

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
GO@TiO2 corresponding to the anatase phase and new peaks at
42.3� and 54� corresponding to the (111) and (211) planes of the
rutile phase of TiO2 (JCPDS card no. 21-1272 for anatase and
JCPDS card no. 21-1276 for rutile TiO2) (Fig. 2, le). The
discrepancy observed between GO and PGO in nucleating
different species provides a clear evidence of the role of surface
chemistry in promoting the well-dened metal oxide phase.
Notably, the peak corresponding to the (002) plane of GO at
11.2� can be barely distinguished in PGO@TiO2 while its
intensity inGO@TiO2 is more signicant. This suggests that the
amount of Ti loaded on PGO is more important compared to
that supported using GO. Raman spectroscopy further corrob-
orates these results as the anatase and rutile phase could be
easily discriminated.52 The different modes observed in the
Raman spectrum of GO@TiO2 at 157, 206, 396, 510, and
632 cm�1 correspond to Eg, Eg, B1g, A1g, and Eg of the anatase
phase, respectively. In the case of PGO-TiO2, the different
modes displayed in the Raman spectrum at 155, 206, 260, 428,
512, and 613 cm�1 correspond to Eg (anatase), Eg (anatase), B1g

(rutile), Eg (rutile), A1g (anatase), and A1g (rutile) (Fig. 2, center).
Besides, both the nano-hybrids display additional bands at

1347 and 1573 cm�1 for GO@TiO2 and at 1341 and 1586 cm�1

for PGO@TiO2. The ID/IG ratio found for GO@TiO2 is 0.89,
which is much lower than 1.02 recorded for PGO@TiO2. The ID/
IG ratios found for GO and PGO are 0.925 and 1.25, respectively.
The increased ratio found for PGO-based materials could be
associated with the incorporation of phosphate moieties into
the surface of graphene support.

The interplay of titanium oxide species with the graphene
surface has been previously elucidated through XPS analyses.24

The apparition of the typical Ti (2p) binding energy of tetrahe-
dral Ti4+ at 459.0 eV for both GO@TiO2 and PGO@TiO2
28118 | RSC Adv., 2021, 11, 28116–28125
indicates the presence of titanium on the surface of the gra-
phene support. Interestingly, the signal of phosphorus is still
present at 134.0 eV for PGO@TiO2, indicating that graing did
not remove the phosphorus species. The presence of several
components in the O (1s) region (binding energy at 530.4 eV and
531.8 eV) unambiguously conrm the presence of covalent
bonding (both C–O–P and P–O–Ti) in the graphene surface.24

Interestingly, PGO was found to be more reactive toward
titanium alkoxide compared to conventional GO, as conrmed
from ICP analyses (2.3 wt% Ti inGO@TiO2 versus 5.17 wt% Ti in
PGO@TiO2). This discrepancy can be associated with the pres-
ence of different kinds of functional groups on PGO support,
i.e., (i) additional phosphate moieties are graed on the surface
of PGO, allowing for the anchorage of an appreciable amount of
titanium alkoxide, and (ii) the high stability of P–O–Ti bridges
formed at the material interface (compared to C–O–Ti), thereby
precluding the leaching of titanium-oxo-alkoxo species back to
the solution. The common use of organophosphonic and
organophosphonate coupling reagents to coat the external
surface of metal oxides through stable P–O–M bonding (M¼ Ti,
Al, Zr, Sn, V) consolidate these assumptions.53–58

Nitrogen adsorption–desorption shows an interesting open
mesoporous framework of the two materials (Fig. 2, right). An
appreciable surface area of 186 m2 g�1 was observed for
GO@TiO2, while a smaller surface area of 135 m2 g�1 was found
for PGO@TiO2. The decrease in the surface area for PGO@TiO2

can be accounted for by the loaded amount of Ti on both the
materials or by the functionalization of GO with phosphate
groups, which might block some pores.59 However, the recorded
value remains much higher for titanium dioxide-based mate-
rials, where the most popular Degussa P25 displays a marginal
surface area of 48 m2 g�1.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FESEM images of GO@TiO2 (a and b) and PGO@TiO2 (h), HRTEM images of GO@TiO2 (c) and PGO@TiO2 (i), STEM images of GO@TiO2 (d)
and PGO@TiO2 (j), and associated EDX mapping of C (e), Ti (f), O (g) elements for GO@TiO2 and of C (k), Ti (l), O (m), and P (n) elements for
PGO@TiO2.

Fig. 4 Raman spectra of GO@TiO2-500 and PGO@TiO2-500 (top)
and Raman spectra of GO@TiO2-500 and PGO@TiO2-500 in the 0–
1000 cm�1 Raman shifts range (middle) and in the 1000–2000 cm�1
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The morphology of GO@TiO2 and PGO@TiO2 was investi-
gated using FESEM analysis (Fig. 3a, b and h). The twomaterials
are quite similar but different from their parents GO or PGO
with the altered texture, being a direct consequence of the
formation of titanium dioxide on the graphene surface. HRTEM
was further used to get insight at the nanoscale level (Fig. 3c and
i). The crystallinity of the supported metal oxide can be
observed in both the cases although to a less extent in the case
ofGO@TiO2. The crystallinity is more pronounced in the case of
PGO@TiO2, probably due to the amount of Ti loaded on the
different supports. Elemental mapping using EDX clearly shows
the presence of C, O, and Ti for GO@TiO2 and the homoge-
neous distribution of C, O, Ti, and P elements for PGO@TiO2

(Fig. 3e–g and k–n).
Next, these hybrid materials were subjected to thermal

annealing treatment at T ¼ 500 �C under nitrogen atmosphere
and the resulting materials were denoted as GO@TiO2-500 and
PGO@TiO2-500.

The Raman spectrum of GO@TiO2-500 displays several
peaks at 146, 198, 400, 515, and 635 cm�1 corresponding to the
Eg, Eg, B1g, A1g, and Eg modes of the anatase phase, respectively.
Besides, new peaks are observed at 438 and 615 cm�1, assign-
able to the rutile phase. For PGO@TiO2-500, peaks at 147, 206,
260, 414, and 612 cm�1 correspond to the Eg (anatase), Eg

(anatase), B1g (rutile) Eg (rutile), and A1g (rutile) modes,
respectively (Fig. 4). These observations indicate that thermal
annealing affects the crystalline structure of GO@TiO2-500
through the appearance of a new crystalline rutile phase. In
contrast, no noticeable variation could be detected for
PGO@TiO2-500, for which the presence of phosphorus
precludes thermally-induced phase transformation, thereby
keeping the same crystalline structure as was previously
observed for phosphorus-containing materials.19–21 GO@TiO2-
500 and PGO@TiO2-500 display additional Raman shis cor-
responding to the D and G bands at 1355 and 1598 cm�1 for the
former and at 1348 and 1587 cm�1 for the latter, respectively.
The blue shi of the D and G band observed in PGO@TiO2-500
has been previously attributed to the incorporation of phos-
phate functional groups into the structure of graphene oxide.
The ID/IG ratio found for GO@TiO2-500 is 0.875, while that
© 2021 The Author(s). Published by the Royal Society of Chemistry
found for PGO@TiO2-500 is 0.897. These ratios are smaller than
those of the native materials (0.89 for GO@TiO2 and 1.02 for
PGO@TiO2), pointing to the occurrence of chemical reduction
on the surface of GO and PGO during thermal treatment under
nitrogen atmosphere.60

The morphology of the thermally-annealed nanocomposites
was assessed by FESEM and in both cases, small TiO2 are
distributed on the surface of the carbon nanosheets (Fig. 5).
Clustered metal oxide supported on PGO appears to be smaller,
evidencing the role of phosphorus on controlling the growth of
TiO2 particles.25 EDX elemental mappings reveal the presence
and homogenous distribution of Ti and O as the main elements
on GO@TiO2-500 and Ti, O, and P for PGO@TiO2-500.
Raman shifts range (bottom).

RSC Adv., 2021, 11, 28116–28125 | 28119
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Fig. 5 FESEM image (a) and HRTEM image (b) of GO@TiO2-500,
FESEM image (c), HRTEM image (d), and STEM image (e) of PGO@TiO2-
500 and associated EDX elemental mappings ofO (f), Ti (g),C (h), and P
(i) elements.

Fig. 6 Variations in the ID/IG ratios determined from the Raman
spectra of GO, PGO, GO@TiO2, and PGO@TiO2 before and after
irradiation.
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Stability of graphene-based materials toward light irradiation

Since TiO2–graphene nanocomposites are massively used for
the photocatalytic degradation of pollutants, the study of their
photo-stability is of paramount importance. In fact, the disin-
tegration of graphene oxide or reduced graphene oxide into
smaller poly-aromatic hydrocarbon fragments would raise more
environmental concerns, which could overshadow their pho-
tocatalytic benets.43 The chemical and physical tailoring of
graphene was accomplished using a TiO2 photomask where
highly active oxygen species formed upon irradiation of the
photomask act as chemical scissors.61 TiO2 was also used as
a mediator for the chemical reduction of graphene oxide.62

However, all these observations rely on the metal oxide and
carbon phase physically dispersed and none of them have
investigated nanocomposites designed through the covalent
graing of the two antagonist phases.

To get further insight, we relied on Raman spectroscopy to
assess the interfacial stability of GO@TiO2 and PGO@TiO2

toward light irradiation. An increase in the ID/IG ratio in the
Raman spectrum was regarded as an indicator of the structural
change upon photocatalytic oxidation.63 We rst assessed the
stability of GO and PGO under visible-light irradiation (Fig. S1
and S2†). As it can be seen in Fig. 6, for both GO and PGO, the
ID/IG found aer irradiation is 0.864 and 1.15, respectively
(against 0.925 and 1.25 for non-irradiated GO and PGO,
respectively). The decrease in the ratio implies a reduction in
both the materials with a restoration of the sp2 domains. This
trend was previously observed and attributed to the decompo-
sition of the oxidized areas in the GO akes. Moreover, the
excitation of the aromatic domains in GO leads to charge
separation and the electrons partake in the reduction of GO.64

For GO@TiO2, aer irradiation, the ID/IG ratio increases from
28120 | RSC Adv., 2021, 11, 28116–28125
0.89 to 0.98 (Fig. 6 and S3†). This increase in the ID/IG ratio
along with the hypsochromic shi of the D and G bands
suggests the enhancement of the structural defects due to light
irradiation. Besides, new peaks assignable to the rutile phase
could be observed, in a similar way to the variation noticed for
GO@TiO2-500 aer thermal treatment. In a previous study, it
was found that irradiation with visible light of the anatase
nanoparticles under oxygen-poor conditions is an athermal
process that leads to phase transition from the anatase to the
rutile phase.65

In contrast, the irradiation of PGO@TiO2 did not signi-
cantly change the ID/IG ratio, suggesting the highest stability of
the phosphorylated carbon surface and/or the absence of
oxygenated defects compared to those existing in GO (Fig. S3†).
This brings additional evidence for the highest interfacial
stability of this material owing to the presence of P–O–Ti
bridges. Indeed, depending on their surface state, irradiation
can have an effect on the structure of graphene and on the
crystalline phase of titanium dioxide. In PGO@TiO2, we have
previously found that bulk amorphous phases coexist along
with the crystalline biphasic TiO2 formed through our one-pot
procedure.46 Aer irradiation, these amorphous regions crys-
tallize into the anatase phase. The presence of phosphorus
species (phosphate groups) is well established to hinder the
thermodynamically favorable transition from anatase to
rutile.25,66 For GO@TiO2, irradiation induces phase transition
from anatase to rutile, which is set to occur upon light irradi-
ation.65 Indeed, attention should be paid to the stability of the
corresponding photo-catalysts under applied experimental
conditions, concomitantly with a deeper characterization before
and aer irradiation.
Photocatalytic studies

While the benets of adding graphene to titanium dioxide are
already reported, it is not clear whether surface phosphorylation
is good or detrimental for their photo-activity. We therefore
© 2021 The Author(s). Published by the Royal Society of Chemistry
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embarked to assess the photocatalytic performance of all
graphene-based photo-catalysts for methylene blue degradation
from waste water. We also benchmarked different graphene-
based materials as well as the most popular and commercially
available Degussa P25 titanium dioxide.

All nanocomposites based on graphene–titanium dioxide
displayed signicant photo-oxidation activity, being superior to
the commercial Degussa P25 that is known to be active only
under UV irradiation. This ultimately points to the improve-
ment reached by adding photosensitizing graphene to the
material substructure. We have also noticed that PGO@TiO2

was much more reactive compared to GO@TiO2, a fact that
could be attributed to the presence of biphasic anatase–rutile
and their improved stability through P–O–Ti bonding compared to
its conventional analogues attached through C–O–Ti bridges.
Besides, thermally treated materials GO@TiO2-500 and
PGO@TiO2-500 are more reactive compared to their parent
precursors, with the same trend being observed (Fig. 7). In quan-
titative numbers, 73% methylene blue removal was recorded for
GO@TiO2 aer 60 min treatment, while 93% was reached with
PGO@TiO2 aer same exposure time. 92% was reached for
GO@TiO2-500, which improved compared to 73% reached before
calcination. An impressive 99% removal was observed for
PGO@TiO2-500. The reason for their improved photocatalytic
activity could be associated with the thermal treatment that (i)
allows for the crystallization of the amorphous species to generate
the more active semiconducting phase and (ii) reduce the
oxygenated groups on the graphene surface, making the resulting
surface more conductive and much more efficient to delay hole–
electron recombination during photo-oxidation.

The recycling of the photocatalyst was also assessed, which
demonstrated that the grown anatase–rutile could be removed
and reused several times (Fig. S2†). However, a substantial
deactivation is also observed, which further necessitated the
optimization of the recycling conditions. The blank
Fig. 7 Adsorption and photocatalytic degradation performance of all
the studied materials. Conditions: 50 mg of the photocatalyst,
10�4 mmol L�1 of methylene blue solution (80 mL). The photocatalyst
is suspended under dark conditions for 1 h prior to irradiation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
experiments using graphene derivatives have revealed the
interesting adsorptive ability of these materials toward methy-
lene blue, in agreement with the literature.67,68 It seems indeed
that the performance reached in our materials emanates from
the holistic combination of their adsorption ability due the
open porous network associated with the photocatalytic activity
of the anchored titanium dioxide.

Experimental section
General

DRUV spectra were measured in the 200–800 nm range using
spectral on as the reference on a PerkinElmer Lambda 1050
spectrometer equipped with an integrating sphere (Lapshere,
North Sutton, USA). Nitrogen sorption isotherms at 77 K were
obtained with a Micromeritics ASAP 2010 apparatus (Micro-
meritics, Norcross, GA, USA). Prior to measurement, the
samples were degassed for 8 h at 80 �C to remove any phys-
isorbed species. The surface area of the samples was evaluated
as Sg ¼ NmAr, where Nm are the N2 molecules adsorbed in
a statistical monolayer on a gram of sample, A is the Avogadro
number, and r is the molecular area of adsorbed N2 (r
commonly used being 0.162 nm2). The values are taken in the
range of 0.03 < p/p0 < 0.3. X-ray powder diffraction (XRD)
patterns were recorded on a D8 Advance Bruker AXS system
(Bruker D8 Advance; Bruker Corp, Billerica, MA, EUA) using
CuKa radiation with a step size of 0.02� in the 2q range from
0.45 to 87�. Field Emission Scanning Electron Microscopy
(FESEM) images were acquired using a ZEISS ULTRA 55
microscope equipped with an X-ray detector (EDS). Scanning
Transmission Electron Microscopy (STEM) images were
acquired using a JEOL JEM 2100F Field Emission Transmission
Electron Microscope of 200 kV equipped with an X-ray detector.
Raman spectra were recorded using a 514 nm excitation laser on
a Horiba LabRAM HR Evolution spectrometer.

Synthesis of GO@TiO2 and PGO@TiO2

GO@TiO2 and PGO@TiO2 were synthesized through a one-pot
procedure. 200 mg of GO was dispersed in 50 mL of ethanol
and sonicated for 90 min. 1.8 mL of Ti(OiPr)4 was added to the
suspension and the mixture was stirred at 60 �C for 24 h. The
mixture was centrifuged and the collected solid was dispersed
in a mixture of H2O : toluene (10 : 90% (v/v)) and the suspen-
sion was allowed to react at 90 �C for 6 h. At the end of the
reaction, the product was ltered and thoroughly washed with
water and ethanol. PGO@TiO2 was synthesized following the
same procedure used to obtain GO@TiO2, using PGO instead of
GO.

Synthesis of GO@TiO2-500 and PGO@TiO2-500

GO@TiO2 or PGO@TiO2 were thermally annealed at 500 �C for
1 h under N2 atmosphere using a heating ramp of 5�C min�1.

Photodegradation studies

The photodegradation experiments were carried out by loading
80 mL of methylene blue solutions (C0 ¼ 10�4 mmol L�1) and
RSC Adv., 2021, 11, 28116–28125 | 28121
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50 mg of the photocatalyst. The mixture was kept under
constant magnetic stirring in the dark for an hour so that the
methylene blue adsorption equilibrium on the catalyst surface
was established. Then, we exposed the reaction mixture to
radiation. Experiments were performed at room temperature.
The samples taken were ltered with Millipore lters having
pore sizes equal to 0.45 mm. The remaining concentration of
methylene blue in the solution (C) was measured using
a previously calibrated UV-vis spectrophotometer. The wave-
length of maximum absorption (lmax) is 660 nm. Between each
catalytic run, the powder was centrifuged, washed with pure
water, and dried at 60 �C for 12 h before the next run.
Conclusion

The association of titanium dioxide and carbon-based nano-
structures has been claimed as a promising route toward effi-
cient visible-light activated photo-oxidation catalysts. However,
the eld has been overwhelmingly dominated by comparing
graphene and its forebearers, fullerene and carbon nanotubes,
rather than exploring new paths for designing interfacially-
tunable graphene-based photocatalysts. Herein, we report
a comparative study using GO@TiO2 and PGO@TiO2

analogues. We have elucidated the role of surface chemistry for
metal oxide growth and crystallization during the post-graing
step. The evolution of the metal oxide and the graphene phase
was also assessed during both thermal annealing treatment and
upon irradiation. Lastly, we made a comparison based on their
performance in the removal of methylene blue pollutant from
water. The contrasting activity of graphene-based nano-
composites compared to graphene-free degussa photo-catalyst
that is devoid of signicant activity highlights the benets
imparted by the presence of graphene support in these mate-
rials. Within our series, PGO@TiO2-500 displayed the highest
photo-oxidation activity owing to the holistic combination of
improved crystallinity of the metal oxide semiconductor and the
surface reduction of the graphitic phase. It can be indeed
concluded that both surface phosphorylation and thermal
treatment improve the material performance. However, the
door is still open for further optimization. We particularly stress
that the ratio graphene : titanium dioxide must be varied by
increasing the amount of titanium dioxide to determine the
optimal contribution of adsorption versus photo-oxidation.
Residual surface groups must be passivated to prevent
poisoning during photocatalysis, with the aim of extending the
life-time of the corresponding materials. The next step will
focus on wrapping these nanocomposites in polymer-based
membranes to assess their practical use in water-cleaning
technologies. To sum up, another channel of possibilities
could be opened through surface chemistry for the rational
design of photoactive graphene-based nanocomposites that
could be implemented in water-cleaning technologies.
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